Machining trials have been carried out on Carbon Fibre Reinforced Plastics (CFRP) High Speed Steel (HSS) traditional & modified point geometry and Tungsten Carbide (WC) tipped drills. Among the drills, modified point geometry out performed others by sustaining higher order life. This has been supported by monitoring thrust, torque and Acoustic Emission (AE) during drilling trials.
INTRODUCTION
Fibre reinforced plastics (FRP) have increasingly gained importance since glass fibre reinforced polyesters emerged in early fifties. Enlarging the field of technical applications mainly for lightweight components which are heavily loaded, resulted in the development of highly efficient reinforcing materials. Among these, carbon fibres and aramid fibres with thermoset matrices are used as primary structural components.
1.1
Characteristics of FRP and their Influence on machining FRPs consists of at least one supporting fibre component, which is placed in a polymeric matrix either directionally or non-directionally. The matrix protects both the fibre from aggressive media and also provides three dimensional arrangements of fibres to facilitate transmission of shear load [1] [2] [3] . The matrix also determines the thermal behaviour of the composite. Among the polymeric composites, CFRP is widely used for high performance application.
For CFRP, tools are used in metal working can be generally employed. Since, high resistance to abrasion is demanded, high-hardness cutting materials such as Polycrystalline Diamond (PCD) or Cemented Carbides of fine grain should be used [1] . However, to machine CFRP, standard tool geometry cannot be employed and it is necessary to apply a special tool geometry [1, 2] . In terms of drilling, the cutting edge geometry with a tool edge angle K r larger than 90 0 as well as positive axial and radial rake angles prove to be useful [1, 2] (Fig.1) . HSS-tools often have unsatisfactory tool life, hence solid carbides are predominantly employed as cutting materials. Physical Vapor Deposited (PVD) coatings, which in metal working provide a higher performance potential for HSS-drills and can lead to the complete failure of these tools because of the cutting edges being severely deformed. Tools of PCD or coated with Cubic Boron Nitride (CBN) are often not suitable as the specific geometry cannot be manufactured economically.
Drilling is a complex process involving thrust force and torque. The bending of the fibre/matrix due to application of thrust and torque can result in matrix crazing, fibre breakage, and delamination. Hence, it is necessary to limit thrust and torque during drilling in order to minimise the defects. This calls for selection of specific drilling conditions and geometry of the drill-point. In conventional drilling HSS drills are mostly used due to availability and reduced J. Ramkumar, R.Krishnamurthy, and S.K. Malhotra 
cost, however, occasionally tipped WC drills are also used. In this paper drilling trials have been carried out using HSS, WC normal geometry and slot drills. Data on drilling performance acquired are presented in this paper.
EXPERIMENTAL PROCEDURE
All the experiments were carried out using 6 mm HSS drills tipped WC drills and slot drills ( Fig.2 ) at varying speeds and feeds. A single column vertical drilling machine was used for carrying out the experiments (Table.1 and Fig.3 ). Tool wear was measured by a Tool Makers Microscope. Machined hole characteristics were measured by a non contact CMM. (co-ordinate measuring machine). Material response during drilling was monitored by on-line acoustic emission. Flexural strength of the drilled samples was determined using an Instron Testing machine. Work piece material was CFRP laminates whose properties are given in Table 2 .
RESULTS & DISCUSSION
The performance of different drills was evaluated in terms of cutting force, thrust and tool wear. For this, thrust and cutting force were monitored on -line using strain gauge dynamometer, while wear on the drill-flanks was monitored off-line.
Typical parametric influence on thrust for different drills is illustrated in Fig 4. It is seen that among the drills, HSS drills encountered higher order thrust, while modified point (slot drills) encounter the lowest order of thrust force. Further, all the drills experience high order thrust with minimum cutting speed. Higher order temperature prevailing over the chisel-edge zone (point zone) at minimum cutting speed can induce thermal assisted deformation of the chisel edge portion. This can contribute to the observed rise in thrust force with cutting velocity.
Referring to the influence of feed on thrust (Fig.4) , rise is seen around 0.15mm/rev feed. Observed change in thrust variation at 0.15mm/ rev for all the drills, indicate feed rate dependency on point geometry for twist drills. Typical observed parametric influence on torque experienced by different drills is illustrated in Fig.5 . Trend of variation of torque with feed rate is almost similar to that of thrust force.
Typical parametric influence on cutting force for the drills used in the study is illustrated in Fig.6 . It is seen that slotted drill outperforms others, as far as, the lower order thrust and torque experienced during drilling. Referring to the illustrations, it is seen that around 100 holes for HSS and 220 holes for WC tipped drills, sharp change in thrust and torque variation occurs. This shows a critical range/value of number of holes that can be drilled with reasonable thrust /torque constraints. This is also seen in the parametric influence on specific cutting pressure illustrated in Fig.7 .
3.1
Wear Performance During drilling of carbon/epoxy polymeric composites, both HSS and cemented carbide drills experienced flank wear near the land portion and deformation in the chisel edge region. Typical wear characteristic of HSS twist drill monitored during drilling of carbon/epoxy composite is illustrated in Fig.8 . It is seen that steady /non-propagating wear characteristic can be seen over the range of 70 to 120 drilled holes, followed by a rapid wear. Run-in wear of the fresh pointed portion of the HSS drill accounts for the observed early phase of rapid wear. Prolonged exposure to abrasive environment results in deformation of the chisel edge zone Typical observed wear characteristic of WC tipped drill is illustrated in Fig 5. Relatively reduced order of wear is seen upto 250 holes of drilling, followed by rapid wear. Further, WC tipped drills exhibit relatively longer duration of steady wear (150-250 holes) unlike the case of HSS drills which exhibit a smaller duration (70 -120 holes). Higher order hot hardness characteristic, resistance to abrasion and adequate damping quality of cemented WC tipped drills account for the observed superior performance.
Influence of Tool Status on Flexural Strength of machined CFRP Components

Size-Variation of Drilled Holes
Another performance criterion adopted in the present study is variation in the size of hole drilled; based on a 100 microns limit. The observed performance characteristics are illustrated in Fig.9 . It is seen that while HSS drills exhibit a relatively poor performance, slotted drill out-perform others.
Work piece Status Monitoring
The status of the carbon-epoxy composites during drilling was monitored by sensing acoustic emission emitted from the work piece. The stress wave emitted was picked up by a broad band piezo-electric AE sensor. The monitored signal was amplified by a pre-amplifier and the signal was analysed for its RMS value and other spectral characteristics. Typical variation of RMS value with progressive drilling is illustrated in Fig.10 .
It is seen that among the tools, drilling with slotted drill results in lowest order of RMS value of acoustic emission This illustrates that slotted drills machine carbon/epoxy polymeric composites with minimum material stressing. Change over of RMS value at 100 holes for HSS and 200 holes for WC tipped drilling, shows the safe/ permissible number of holes that can be drilled with minimum work material distress Typical power spectrum of A.E. signals acquired during drilling of CFRP composite are illustrated in Fig. 11-13 . It is seen that almost all the signals exhibit a dominant peak over 200-250 kHz. This is attributed to the characteristic emission frequency of the polymeric composites. The releasing pressure of lower order frequency peaks is attributed to occurrence of continuous emission. This can be due to deformation of matrix material. Relatively lower power of A.E. signal is associated with slotted drills. Occurrence of critical number of holes for drilling with HSS/WC tipped drills can be seen in the peak amplitude of reducing order for both the drills.
Influence of Drilled Hole on Strength Characteristics
Polymeric composites are widely exposed to drilling of holes in their structures. As stated earlier, drilling is a complex process, which when uncontrolled can lead to induction of defects in polymeric composite parts such as debonding, delamination and fibre breakage. This can affect Full Article the material strength properties. In order to evaluate the influence of drilling of holes on strength of polymeric composites, flexural tests were carried out using Instron Testing machine. The parts with machined hole were tested for flexural resistance. The accuracy of the hole drilled largely depends on the status of the drill point. Hence, testing was carried out on strips of polymeric composites bearing a hole drilled with the drill subjected to wear due to progressive drilling (every 100 th hole). The load and deflection data were acquired. Typical load deflection data are plotted in a feature plane representation as shown in Fig.14-16 . It is seen that both HSS and WC tipped drill exhibit two distinct clusters, centred around two specific hole, drift from one cluster to other. This indicates that for HSS drills 100 is a critical number of holes for defect control. Similarly, referring to the illustration pertaining to WC tipped drills, data points pertaining to sample with 200 th hole, drift from one cluster to another. This supplements the earlier illustration of 200 holes being critical number of holes to be drilled with WC tipped drill from the machining performance point of view. Feature plane representation of data points in the case of slotted drill form overlapping cluster, centred around higher loads and deflection. This type of cluster formation confirms the superior performance of slotted HSS drills, while drilling carbon/epoxy polymeric composites.
CONCLUSIONS
Strength of the composites bearing a machined hole is found to be influenced by the type of the drill as well as the status of the drill. 
